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ABSTRACT 

i \ , a t i r - t u n i n k  o f  t h e  mase r  c a \ , j t $ t  . uuzpensa tes  f o r  c a v i t y  
pal 1 . 1 r i ~  e f f e c t ,  and o the r  s o u r c e s  u f  c o n t r i b u t i o n  t o  t h e  
lotlg t e r m  £1 e q u e n c y  d r i f t .  S c h s ~ l c s  p r e v i o u s l y  p r o p o s e d  
f o r  t h e  maser c a v i t y  auto- tuning can have a d v e r s e  a f f e c t s  
on t h e  performance of t h e  m a s e ~ .  I n  t h i s  paper  we prapose  
a new scheme based on t h e  phase  r . e l a t i o n s h i p  between t h e  
e l e c t r i c  and t h e  magne t ic  f i e l d s  ~ n s i d e  t h e  c a v i t y .  Th i s  
t e c h ~ ~ i q u e  h a s  t h e  d e s i r e d  f e a t u r e  o f  a u t o - t u n i n g  t h e  
cav i ty  w i t h  a v e r y  h i g h  s e n s i t i v i t y  and w i t h o u t  d i s t u r b i n g  
t h e  m a s e r  p e r f o r u ~ a n c e .  S o m e  a p p r o a c h e s  f o r  t h e  
i " m p 1 e m e n t a t i o n  o f  t h i s  s c h e m e  and p o s s i b l e  a r e a s  o f  
d i f f i c u l t y  a r e  examined. 

I n t r o d u c t i o n  

The dorninalrt cause  of t h e  long t e r m  frequency d r i f t  i n  t h e  hydrogen maser i s  
t h e  s low change i n  t h e  dimensi.on6 of  t h e  h i g h  Q c a v i t y .  S ince  t h e  d imens ions  
of t h e  c a v i t y  m u s t  be he1.d s t a b l e  t o  a p p r o x i  I t e l y  one angst rom t o  m a i n t a i n  
t h e  f r e q u e n c y  o f  t h e  m a s e r  t o  one p a r t  i n  1OY9, i.t i s  d i f f i c u l t  t o  d i r e c t l y  
m e a s u r e  and  c o n t r o l .  T h i s  d i m e n s i u n a l  c h a n g e  m u s t  b e  o v e r c o m e  i n  some 
i n d i r e c t  manner which s e n s e s  t h e  c a v i t y  f requency o f f s e t  and t u n e s  t h e  c a v i t y  
back t o  xesonance. Aside  from overcomi.ng t h e  c a v i t y  p u l l i n g  e f f e c t ,  auto- 
t u n i n g  call a l s o  e n h a n c e  t h e  p e r f o r n ~ a n c e  o f  t h e  m a s e r  by r e d u c i n g  t h e  
s e n s i t i v i t y  to p r e s s u r e  v a r i a t i o n s ,  and compensating f o r  anomalous f requency  
s h i f t s  often encountered i n  t h e  hydrogen maser. 

A numb r of  t e c h n i q u e s  h a v e  b e e n  p r e v i o u s l y  p r o p o s e d  f o r  c a v i t y  a u t o -  
tuning.  '-' These tecl ln iques  a r e  e s s e n t i a l l y  based on e i t h e r  t h e  modula t ion  
of  t h e  a t o m i c  l i n e  w i d t h ,  o r  t h e  s e n s i n g  o f  t h e  c a v i t y  r e s o n a n c e .  The  
t echn ique  proposed i n  t h i s  paper  i s  based on t h e  l a t t e r  e f f e c t ,  and u t i l i z e s  
t h e  p h a s e  r e l a t i o n s h i p  b e t w e e n  t h e  e l e c t r i c  and  t h e  m a g n e t i c  f i e l d s  i n  a 
f i n i t e  Q c a v i t y .  

I n  t h e  r e m a i n d e r  o f  t h i s  p a p e r  b r i e f  d ~ s c u s s i o n s  o f  c a v i t y  a u t o - t u n i n g  
methods based on a t o m i c  l i n e  w i d t h  modula t ion  and on resonance  s e n s i n g  w i l l  
f i r s t  he  p resen ted .  The d e s c r i p t i o n  of t h e  au to - tun ing  scheme baaed on phase 
d e t e c t i o n  w i l l  then  be g i v e n .  F s . n a l l y ,  a d i s c u s s i o n  o f  t h e  p o t e n t i a l  
advantages  and d i s a d v a n t a g e s ,  and p o s s i b l e  means of t h e  implementa t ion ,  of 
the method w i . l L  be made. 



Cavity Auto-Tuning Techniaues Based on Line Width Modulation 

The l i n e  width modulation technique i s  based on t h e  in f luences  of t h e  q u a l i t y  
f a c t o r ,  Q ,  o f  t h e  a t o m i c  l i n e ,  t h e  Q of  t h e  m a s e r  c a v i t y ,  and t h e  m i s t u n i n g  
o f  t h e  c a v i t y  on  t h e  o u t p u t  f r e q u e n c y ,  f o  o f  t h e  maser .  D e s i g n a t i n g  t h e  
dev ia t ion  of t h e  o s c i l l a t o r  frequency from t r u e  resonance by Afo, t h e  c a v i t y  
frequency mistuning by A £ = ,  and t h e  c a v i t y  and l i n e  q u a l i t y  f a c t o r s  by Q, and 
Q1, r e spec t ive ly ,  we may w r i t e ,  

A f ,  P (Q, /Q~)  A f C  

According t o  equat ion  (11, t h e  mistuning of t h e  cav i ty  may be determined by 
changing t h e  atomic l i n e  width. There a r e  s e v e r a l  ways i n  which t h i s  may be 
accomplished. I n  t h e  f i r s t ,  and most common way, it i s  accomplished through 
t h e  c o n t r o l l e d  modulation of t h e  a tomic  beam f l u x ,  which i n  t r n  in f luences  
t h e  con t r ibu t ion  of t h e  s p i n  exchange e f f e c t  t o  t h e  l i n e  width. Y 

The modulation of t h e  a tomic  f l u x  may be accomplished i n  a number of ways, 
inc luding  t h e  modulation of t h e  input  power of t h e  hydrogen gaa d i s soc i a to r .  
The most popular method f o r  a tomic beam f l u x  modulation however involves t h e  
chopping of t h e  beam and thue c o n t r o l l i n g  t h e  number of atoms which e n t e r  t h e  
mase r  s t o r a g e  b u l b  i n  t h e  c a v i t y .  The r e s u l t i n g  change i n  t h e  maae r  o u t p u t  
frequency i s  de tec ted  and used t o  determine t h e  c a v i t y  mistuning and thus  t o  
c o n t r o l  t h e  e f f e c t  of t he  c a v i t y  d r i f t .  While t h i s  method has t h e  advantage 
of  s i m p l i c i t y  and e f f e c t i v e n e s s ,  i t  n e v e r t h e l e s s  s u f f e r s  f rom a number of 
p rob lems  i n c l u d i n g  r e p r o d u c i b l e  c o n t r o l  of  t h e  beam choppe r  and a d v e r a e  
inf luence  on t h e  performance of t h e  maser due t o  pe r iod ic  a l t e r a t i o n  of t h e  
signal-to-noise r a t i o  i n  t h e  maser and t h e  e f f e c t  of t h e  vary ing  output  power 
on t h e  phase t r a n s f e r  func t ion  of t h e  e l ec t ron ic s .  

Ano the r  t e c n i q u e  f o r  v a r y i n g  t h e  w i d t h  of  t h e  a t o m i c  l i n e  t h a t  h a s  been 
a t tempted  i s  t h e  in t roduc t ion  of inhomogeneities i n  t h e  magnetic f i e l d  i n  t h e  
maser cavi ty.  The r e s u l t i n g  frgquency change i n  t h e  maser output  frequency 
would be de t ec t ed  and used as above. This  technique has not  been used because 
of t h e  d i f f i c u l t y  i n  achieving the  proper  kind of con t ro l l ed  inhornogeneity. 

Cavitv Resonance Sensing Technique 

A number of techniques have been devised, i n  connect ion w i t h  t h e  development 
of t h e  pass ive  hydrogen maser, t o  auto-tune t h e  cav i ty  by sens ing  t h e  cav i ty  
resonance. One such technique2 involves t h e  i n j e c t i o n  of a s i g n a l  which has 
been square-wave frequency modulated by an amount approximately equal  t o  t h e  
band-width of  t h e  c a v i t y ,  and i s  c e n t e r e d  on  t h e  a t o m i c  l i n e .  I f  t h e  c a v i t y  
i s  n o t  t u n e d  c o r r e c t l y ,  t h e  two s i g n a l s  w i l l  be a t t e n u a t e d  by d i f f e r e n t  
amounts a s  they t r a v e r s e  t h e  cavi ty.  This  modulation of t h e  ampli tude of t h e  
i n j e c t e d  s i g n a l s  i s  then  used t o  genera te  an e r r o r  s i g n a l  which corresponds 
t o  t h e  d i f f e r e n c e  between t h e  cav i ty  resonance frequency, and t h e  frequency 
of t h e  i n j e c t e d  r e fe rence  s igna l .  

A somewhat s i m i l a r  t e c h n i q u e  employs  a s i g n a l  c e n t e r e d  on t h e  a t o m i c  l i n e  
which h a s  been  modu la t ed  by a s i n e  wave t o  p roduce  t w o  s ide -bands  



a p p r o x i m a t e l y  one  c a v i t y  band-width  apa  t ,  w i t h  a c a r r i e r  s u p p r e s s e d  far  
enough t o  not  pe r tu rb  t h e  maser opera t ion?  The modulation of t h e  ampli tude 
i s  aga in  used t o  genera te  an e r r o r  s i g n a l  whic i s  used t o  tune  t h e  c a v i t y  t o  t 
resonance. F i n a l l y ,  i n  y e t  another  technique , t he  cav i ty  c e n t e r  frequency 
i s  square wave modulated about t h e  hydrogen l i n e  frequency. The modulation 
of t h e  ampli tude i s  aga in  used t o  measure the  frequency o f f s e t .  

Whi l e  a l l  t h r e e  t e c h n i q u e s  men t ioned  above a r e  e f f e c t i v e  i n  c a v i t y  a u t o -  
tuning,  they neve r the l e s s  involve e i t h e r  t h e  in t roduc t ion  of a  s i g n a l  i n  t h e  
c a v i t y ,  o r  m o d u l a t i o n  of t h e  c a v i t y  f r e q u e n c y .  I n  e i t h e r  c a s e  i t  i s  
d i f f i c u l t  t o  prevent t h e  in t roduc t ion  of no i se  i n  t h e  c a v i t y  and mod i f i ca t ion  
of  t h e  mase r  pe r fo rmance .  F u r t h e r m o r e ,  t h e s e  t e c h n i q u e s  a r e  d i f f i c u l t  t o  
implement, and r e q u i r e  t h e  use of low no i se  and high performance e l e c t r o n i c  
components which a r e  d i f f i c u l t  t o  develop. 

Cavity Resonance Sens ing  by Phase Comparison 

I n  a  r e s o n a n t  c a v i t y  t h e  ene rgy  i s  s t o r e d  i n  b o t h  t h e  e l e c t r i c  and t h e  
m a g n e t i c  f i e l d s .  For  a  c a v i t y  of i n f i n i t e  Q ,  t h e  E and H f i e l d s  a r e  i n  
t e m p o r a l  and s p a t i a l  q u a d r a t u r e .  Fo r  a l o s s y  c a v i t y  t h e  t e m p o r a l  phase  
becomes an arccotangent  func t ion  of t h e  f r a c t i o n a l  frequency o f f s e t  of t h e  
s i g n a l  frequency from t h e  cav i ty  cen te r  frequency, normalized t o  t h e  c a v i t y  
bandwidth .  T h i s  f a c t  i s  i l l u s t r a t e d  by t h e  i n p u t  impedance  of t h e  c a v i t y  
shown i n  t h e  Smith c h a r t  of Figure (1). The cav i ty  input  impedance i s  s m a l l  
Ear  f rom r e s o n a n c e ,  and complex n e a r  r e s o n a n c e .  At: r e s o n a n c e ,  t h e  i n p u t  
impedance i s  real. This ,  too,  imp l i e s  t h a t  t h e  phase of t h e  e l e c t r i c  and t h e  
magnetic f i e l d s  may be used t o  determine t h e  cav i ty  resonance. 

The development of a  cav i ty  auto-tuning system based on t h e  ideas  sketched 
above can  be  i l l u s t r a t e d  by t h e  f o l l o w i n g ,  n o t  n e c e s s a r i l y  opt imum, 
t e c h n i q u e .  Two c o - l o c a t e d ,  weakly  c o u p l e d  p r o b e s ,  one l o o p  and one  d i p o l e ,  
c a n  be used  t o  d e t e c t  t h e  m a g n e t i c  and t h e  e l e c t r i c  f i e l d s  i n  t h e  c a v i t y .  
S igna ls  from each probe may be compared i n  phase i n  a  manner s i m i l a r  t o  t h a t  
i l l u s t r a t e d  i n  f i g u r e  (2).  A d e v i a t i o n  of phase  f rom 90  d e g r e e s  a s  d e t e c t e d  
by t h e  phase  d e t e c t o r  i n  f i g u r e  ( 2 )  w i l l  t h e n  s i g n a l  t h e  d e p a r t u r e  of  t h e  
cav i ty  from resonance condit ion.  The s i g n a l  from the  phase d e t e c t o r  may be 
used  i n  c o n j u n c t i o n  w i t h  t h e  v a r a c t o r  t o  a u t o - t u n e  t h e  c a v i t y  back  t o  
resonance. 

The s e n s i t i v i t y  of t h i s  technique i n  tuning t h e  cav i ty  may be i l l u s t r a t e d  by 
a  s imple  c a l c u l a t i o n  L e t  us assume t y p i c a l  va lues  of 35000 f o r  t h e  Q of t h e  9 maser cav i ty ,  and 10 f o r  t h e  hydrogen l i n e  Q. Designating BW f o r  t h e  c a v i t y  
bandwidth w e  have BW=40571 Hz wi th  these  parameters.  The cav i ty  bandwidth 
cor esponds  t o  a phase  s h i f t  of 9 0  d e g r e e s .  Assuming a  s e n s i t i v i t y  of  1 x 
lo-' r a d i a n  f o r  t h e  p h a s e  d e t e c t o r ,  t h e  t c h n i q u e  will be s e n s i t i v e  t o  a 

-1% f r a c t i o n a l  frequency dev ia t ion  of 4.6 x 10 . 
The implementat ion of t he  phase sensing of t h e  cav i ty  resonance w i l l  r e q u i r e  
c a r e f u l  d e s i g n  of  t h e  p r o b e s  and t h e i r  l o c a t i o n ,  a s  w e l l  a s  low n o i s e  
a m p l i f i e r s  f o r  t h e  d e t e c t i o n  of t h e  s i g n a l .  N e v e r t h e l e s s ,  t h i s  method,  
un l ike  t h e  o t h e r  cav i ty  sensing techniques mentioned above, d i spenses  w i t h  



the need of injecting signals in the cavity and therefore does not adversely 
affect maeer performance. 

We have examined a sensitive technique for auto-tuning of the hydrogen maser 
cavity. The technique is based on detecting the phaee relationship between 
the magnetic and the electric fields in the cavity with appropriate probes to 
maintain the resonance condition. 

Because of dispensing with the need of eignal injection in the cavity, or 
modulation of the cavity frequency, the propoeed scheme has the apparently 
a t  tractive feature of auto-tuning the cavity without advereely inf luensing 
the maser performance. It is cleat, however, that the implementation of this 
technique in the hydrogen maser requires care to insure effective tuning 
without disturbance of the rnaaer performance. In particular, light coupling 
of the B and H probes requires low noise amplifiers with little sensitivity 
to temperature variations. The position of the probes in the cavity, and 
with respect to each other, should also be carefully chosen to ensure maximum 
signal with minimum disturbance to the maser power, 

Preliminary investigations in our laboratory, however, has yielded promising 
results for this technique. We are also investigating probe configurations 
and sensing schemes that will enable the implementation of this technique 
effectively, in newly designed and existing masers, 
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L Wo = Wc 

L a v i t y  input impedance plot 

Fig. 1 Normalized cavity input impedance versus frequency 
presented on a Smith chart. 
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QUESTIONS AND ANSWERS 

DR. R. F. C. VESSOT, Center f o r  Astrophysics, Smi  thsonian Observatory 

I guess i t  was expected. I look upon t h i s  process as a  s o r t  o f  a  horse 
race between the  s t a b i l i t y  o f  e l e c t r o n i c s  and the s t a b i l i t y  o f  t he  cav i t y ,  
and i t  appears t o  me t h a t  no one knows r e a l l y  which way i t  w i l l  go. We 
a re  t r y i n g  it, too, b u t  we have found t h a t  we can i n j e c t  substant ia l  s i g -  
n a l s  i n  t he  c a v i t y  w i thou t  sens ib ly  changing the output  frequency. I t ' s  
t h e  o l d  Bloch-Segert e f f e c t ,  and Bloch and Segert are co r rec t .  I f  one i s  
very modest i n  h i s  i n j e c t i o n  power and spaces i t  f a r  enough away, there  
i s  another way t h a t  you can operate w i thout  s u f f e r i n g  too badly. 

It i s  c l e a r  t h a t  something ought t o  be done. I j u s t  feel t h a t  there  
i s  more than one approach t o  t h i s  t h a t  has about the  same promise, i n -  
c lud ing  look ing  again f o r  c a v i t i e s  t h a t  d o n ' t  move. 

DR. R. L. SYDNOR, J e t  Propuls ion Laboratory 

I agree w i t h  you. We have n o t  been able t o  dup l i ca te  the  i n j e c t i o n  of 
s igna ls  i n t o  the  maser c a v i t y  w i thou t  a1 t e r i n g  the  frequency, and A1 K i r k  
has made a number o f  measurements o f  t h i s  t r y i n g  ou t  d i f f e r e n t  amp1 i tudes 
and p o s i t i o n s  away from the center  frequency. It depends p a r t l y  on how 
f i n e l y  you measure how much o f f s e t  you have, so we're no t  too happy w i t h  
t h a t  s ince we have n o t  been able t o  do i t  successfu l ly .  I f  you can do i t  
successfu l ly  i t  sounds l i k e  a g rea t  idea. 




